Plasmid pIPO2 is a cryptic, conjugative, broad-host-range plasmid isolated from the wheat rhizosphere. It efficiently self-transfers between α, β and γ Proteobacteria and has a mobilizing/retromobilizing capacity for IncQ plasmids. The complete nucleotide sequence of pIPO2 is presented on the basis of its mini-Tn5 ::luxABtet-tagged derivative, pIPO2T. The pIPO2 sequence is 39 815 bp long and contains at least 43 complete ORFs. Apart from a suite of ORFs with unknown function, all of the genes carried on pIPO2 are predicted to be involved in plasmid replication, maintenance and conjugative transfer. The overall organization of these genes is different from previously described plasmids, but is similar to the genetic organization seen in pSB102, a conjugative plasmid recently isolated from the bacterial community of the alfalfa rhizosphere. The putative conjugative transfer region of pIPO2 covers 23 kb and contains the genes required for DNA processing (Dtr) and mating pair formation (Mpf). The organization of these transfer genes in pIPO2 is highly similar to the genetic organization seen in the environmental plasmid pSB102 and in pXF51 from the plant pathogen Xylella fastidiosa. Plasmids pSB102 and pXF51 have recently been proposed to form a new family of environmental broad-host-range plasmids. Here it is suggested that pIPO2 is a new member of this family. The proposed Mpf system of pIPO2 shares high amino acid sequence similarity with equivalent VirB proteins from the type IV secretion system of Brucella spp. Sequence information was used to design primers specific for the detection of pIPO2. Environmental DNA from a range of diverse habitats was screened by PCR with these primers. Consistently positive signals for the presence of pIPO2 were obtained from a range of soil-related habitats, including the rhizospheres of young wheat plants, of field-grown oats and of grass (all gramineous plants), as well as from the rhizosphere of tomato plants. These data add to the growing evidence that plasmids carry advantageous genes with as yet undefined functions in plant-associated communities.
INTRODUCTION
With a basis in the recent sequencing of whole bacterial genomes, it has become increasingly clear that lateral gene transfer processes have played a major role in the evolution of bacteria and in their adaptation to their natural environments (de la Cruz & Davies, 2000 ; Kurland, 2000 ; Ochman et al., 2000) . It has been estimated that up to 18 % of the genome of Escherichia coli has been acquired as a result of recombination events following horizontal gene transfers (Lawrence & Ochman, 1998) . Evidence for the key role of lateral gene transfer in bacterial evolution is undoubtedly strong, but direct proof for the mechanisms involved, and their ecological impact in natural bacterial communities, is scarce. It has been postulated that, in addition to the primary gene pool, which is represented by the conserved sectors of bacterial chromosomes (the core chromosomal gene pool), bacterial communities maintain a second gene pool (the 'horizontal' gene pool), which is carried by mobile genetic elements such as plasmids (Thomas, 2000a) .
In plant-related environments, such as the rhizosphere, conjugation has been shown to be a key mechanism that can facilitate the gene flow between Gram-negative bacteria (van Elsas et al., 1988 ; Smit et al., 1991 Smit et al., , 1993 Pukall et al., 1996 ; Lilley & Bailey, 1997) . Thus, studies with broad-host-range plasmids of incompatibility groups IncP-1, IncN and IncW, as well as studies with the phytosphere-isolated plasmid pQM, showed that rates of transfer between pseudomonads were greater in the rhizospheres of wheat and sugar beet, respectively, than in bulk soil (van Elsas et al., 1988 ; Lilley et al., 1994) . These results indicate that naturally occurring conjugative plasmid transfer may be a frequent process with significance for the adaptive capacity of rhizospheric bacterial communities. It is therefore likely that naturally occurring self-transmissible plasmids carrying the genes necessary for conjugative DNA transfer play a major role in gene-exchange processes in plant-related microbial communities (van Elsas et al., 2000a) .
In previous work describing the capacity of plantassociated bacterial populations to effect gene transfer, a set of cryptic plasmids with gene-mobilizing capacity was isolated from bacterial populations of the wheat rhizosphere (van . These plasmids were isolated by a triparental mating system (triparental exogenous isolation) allowing the isolation of mobile genetic elements by virtue of their capacity to mobilize non-selftransferable plasmids (Hill et al., 1992 (Hill et al., , 1996 Smalla et al., 2000) . The system consisted of an E. coli donor strain carrying the mobilizable but non-selftransferable IncQ plasmid pMOL187, and a plasmidless rifampicin-resistant Ralstonia eutropha recipient strain (Top et al., 1994) . Plasmid pMOL187 contains the czc gene cassette, encoding resistances against ions of cadmium, zinc and cobalt, which can only be expressed in the R. eutropha recipient strain. Following a multipartner mating between indigenous wheat rhizosphere bacteria and the two partners of the mating system, plasmids with broad-host-range mobilizing capacity can be obtained in the recipient via co-transfer with pMOL187 (Top et al., 1994) . This procedure, thus, selects naturally occurring plasmids primarily on the basis of their capacity to mobilize and self-transfer, i.e. to efficiently produce conjugation bridges between the mating partners employed.
One of the plasmids obtained from bacterial populations of the wheat rhizosphere, termed pIPO2, had an estimated size of about 38 kb and was not classifiable into any known group by replicon typing via PCR and hybridization with replicon-specific probes (van . The plasmid could mobilize IncQ plasmids to many different Gram-negative bacterial species and had a broad self-transfer range among the α, β and γ subclasses of the Proteobacteria (van . Plasmid pIPO2 was able to mobilize the IncQ plasmid pIE723 to these hosts at considerable frequencies under rhizosphere conditions in the field (van . The presence of pIPO2 enabled both Pseudomonas fluorescens and R. eutropha (Szpirer et al., 1999) to capture selectable IncQ plasmids from other hosts via retrotransfer.
In this study, we describe the complete nucleotide sequence and genetic organization of plasmid pIPO2, on the basis of the mini-Tn5 : : luxAB ::tet-tagged derivative pIPO2T. This plasmid is proposed to belong to a new family of environmental broad-host-range plasmids including pSB102 and pXF51, each of which are plasmids isolated from plant-associated bacteria carrying a similarly organized set of genes necessary for bacterial conjugation. Plasmid pSB102 was isolated from the bacterial community of the alfalfa rhizosphere (Schneiker et al., 2001) , and pXF51 is a plasmid isolated from the plant pathogen Xylella fastidiosa (Simpson et al., 2000 ; Marques et al., 2001) . The sequence information of pIPO2 was used to design specific primers that were used for PCR to determine in what ecological niches pIPO2-like plasmids could be found.
METHODS
Bacterial strains and plasmids. Plasmid pIPO2 was originally obtained in R. eutropha as a cryptic plasmid that cotransferred with the IncQ plasmid pMOL187 (van . It was then transferred into P. fluorescens R2f (chr :: Tn5) with pSUP104 as the selectable mobilizable plasmid, and further transferred into a nalidixic-acid-and rifampicinresistant derivative of strain R2f (strain R33), using plasmid pIE723 as the indicator plasmid (van . Curing of pIE723 yielded P. fluorescens R33(pIPO2), which was routinely used in subsequent transfer experiments. To facilitate selection, pIPO2 was tagged with a mini-Tn5 : : luxAB :: tet transposon (de Lorenzo et al., 1990 ) using a triparental mating\mobilization strategy (van , yielding P. fluorescens R2f(pIPO2T). All strains were stored at k80 mC in 20 % (w\v) glycerol. For growth of the latter strain, LB broth (Sambrook et al., 1989) supplemented with tetracycline hydrochloride (20 µg ml − ") was used, with incubation at 27 mC with shaking.
Plasmid pIPO2 from wheat rhizosphere Plasmid isolation, shotgun-library construction and DNA sequencing. Plasmid DNA of pIPO2T was isolated from P. fluorescens R2f by means of the alkaline-SDS lysis and column purification procedure, according to the NucleoBond Plasmid Purification Protocol (Macherey-Nagel, Du$ ren, Germany). Ultrasonication was used in a common ultrasonicator (at maximal amplitude). A time-course was done (0-2-5-10-20 s) with subsamples of the pIPO2 DNA preparation, and the treated subsamples were run on an agarose gel to determine the mean fragment sizes. The time resulting in mean fragment sizes of around 1000 bp was used to treat the full pIPO2 DNA preparation. The shotgun library was constructed in the vector pBluescript II SK − by using 0.6-1.2 kb size fractions of the pIPO2T DNA. Sequencing was performed in the different laboratories of participating authors and was completed at the University of Bielefeld with the following strategy. Templates for DNA sequencing were prepared by automated alkaline lysis of E. coli clones carrying recombinant plasmids by means of the QIAGEN BioRobot 9600. Cyclesequencing reactions were carried out using purified template DNA, the Prism Ready Reaction Dye Deoxy Termination Kit and fluorescently labelled forward and reverse primers. The products of cycle sequencing were sequenced by running them on a Prism ABI 377 automated DNA sequencer (Applied Biosystems). Computer-assisted assembly of the random shotgun sequences was carried out with the  sequence analysis package (Staden, 1996) . Gaps in the pIPO2T sequence were closed by primer walking with oligonucleotides designed to contig ends (Staden, 1996) , using pIPO2T DNA as template. Final assembly and editing of the DNA sequence data resulted in a single, circular molecule with a total length of 45 319 bp.
DNA sequence analysis and annotation. The complete DNA sequence of pIPO2T was initially analysed with the automated genome interpretation system GenDB (Center for Genome Research, Bielefeld, Germany). Evaluation of the data collection in the GenDB database files was performed with the  software package (Staden, 1996) . In addition, features from searches against the nucleotide database at NCBI with the - algorithm, version 2.0 (Altschul et al., 1997) , were analysed and incorporated into the sequence annotation. The complete sequence of pIPO2T was searched for σ(!-dependent promoters, using the Neural Network Promoter Prediction approach (Reese et al., 1996) . Repeat regions within the pIPO2T nucleotide sequence were identified with the uter software (Kurtz & Schleiermacher, 1999) .
Amino acid sequence similarities were calculated with the  computer program (Myers & Miller, 1988) . Prediction of signal peptides and transmembrane helical segments was performed with the neural network systems SignalP (Nielsen et al., 1997) and PredictProtein (Rost et al., 1995) , respectively. Protein sequence alignment of TraR was done using the   software, version 1.4, with the BLOSUM series as protein weight matrix ; shadings were drawn following the Gonnet PAM250 matrix. The annotated DNA sequence of pIPO2T was re-oriented in such a way that the orientation and order of genes is the same as in the pSB102 sequence (Schneiker et al., 2001) .
Distribution of bacteria with pIPO2. To determine the distribution of pIPO2, PCR analysis of environmental total microbial community DNA was performed as described previously . The samples from which DNA was extracted were as follows.
Seven-day-old wheat. Triticum aestivum cv. Sicco grown in Flevo silt loam soil in microcosms, Wageningen, The Netherlands (van .
Twenty-three-day-old rice. Oryza sativa L. japonica Zhongzao 9037 grown in Flevo silt loam soil in microcosms, Wageningen, The Netherlands (Lin et al., 2000) .
Thirty-day-old maize. Zea mais grown in Varzea, as well as in Cerrado field soils in Sete Lagoas, Minas Gerais, Brazil (Rosado et al., 1998 
* For details of sample source see Methods. † DNA was produced at least twice and screened for production of an appropriate band by PCR. ‡ j, Indicates that at least some positive samples were found via PCR\hybridization ; k, indicates the complete absence of specific product. § Lovinkhoeve soil was sampled eight times at 6-week intervals, yielding five positive responses spread across summer and autumn.
protocol consisted of a homogenization step, a cell lysis step on the basis of bead beating, and a few extraction and purification steps, the final ones of which were commonly based on the Wizard DNA clean-up system (Promega). For all habitats investigated (Table 1) , this method yielded preparations of DNA amplifiable by PCR. Two PCR primer systems were employed to screen for the presence of pIPO2-specific sequences. The first system (I), based on primers pIPO2f and pIPO2r, amplified a product of 305 bp (from position 44 091 to 44 396 on the pIPO2 sequence, covering ORF33 and a little of ORF32) and was previously shown to be specific for pIPO2 . The second system (II) was designed on the basis of the sequence of the putative repA gene. The primers pIPO2rep-x2 (5h-CGCAACCTTGCCACATCG-3h) and pIPOr-y2 (5h-TAGGTAGCTCATGCGATAGG-3h) amplified a product of 546 bp. PCR with environmental DNA was performed using 1 µl (5-20 ng) of each DNA extract. To assess the template quality of the isolated environmental DNA, controls were performed with each extract spiked with serially diluted pIPO2 DNA. The PCR conditions applied in system I were as described previously (van . Thermal cycling in system II was performed as follows : denaturation at 94 mC for 3 min ; 40 cycles at 94 mC for 1 min, 50-55 mC for 90 s and 72 mC for 1 min ; final extension at 72 mC for 20 min. PCR products were run on 1n2% (w\v) agarose gels (Sambrook et al., 1989) , and ethidium-bromide-stained bands were visualized under UV illumination. Gels were blotted to nylon membrane filters, and blots were hybridized at high stringency according to the protocol supplied by the manufacturer (Roche Diagnostics). Digoxigenin-labelled amplicons produced on plasmid pIPO2 with systems I (probe I) and II (probe II) were used as specific probes. Signals were detected following exposure of X-ray films, according to standard procedures. PCR results were considered positive and specific if a hybridization signal indicating a product of expected size with the specific probe was observed. All habitats were tested by fresh isolation of DNA followed by PCR a minimum of two times.
RESULTS AND DISCUSSION

DNA sequence annotation of pIPO2
The complete nucleotide sequence of pIPO2 was determined by sequencing of its tagged derivative, pIPO2T, of which a shotgun library was constructed. Assembly of the pIPO2T sequence was carried out with the  sequence analysis package. The DNA sequence was determined on both strands, with a mean coverage of 5n75 per consensus base. In total, 533 reads were assembled, with a mean length of 489n25 bases per read. Table 2 . The set of ORFs includes the luxAB and tetA(C) coding regions, which were inserted into orf34 of pIPO2 by the tagging procedure with the mini-Tn5 derivative. Fig. 1 presents a detailed map of the 46 ORFs found on pIPO2T, as well as the positions of large direct and inverted repeat sequences. Data for pIPO2T, such as the GjC content of the coding regions, the length and molecular mass of predicted proteins and the highest similarities to known proteins in databases, are summarized in Table 2 . The putative coding regions of pIPO2 are dominated by genes involved in plasmid replication, partitioning\stable maintenance and conjugative transfer, whereas only a few ORFs cannot be attributed to these essential plasmid backbone genes (Table 2 ; Fig. 1 ). These observations are in line with the 'cryptic' character of plasmid pIPO2, as reported previously (van ).
An automated search for σ(!-dependent promoters with the Neural Network Promoter Prediction program (Reese et al., 1996) resulted in the prediction of a total of 79 putative promoters when using a threshold score of 0.8, which recognizes 60 % of all promoters, with a rate of false positive predictions of 0n4 %. Following the logic of the gene organization we screened the 79 candidates for those that appeared upstream of the first ORF in each putative operon. Additional promoters upstream of other ORFs were chosen if their position relative to the ribosome-binding site seemed logical. Nine putative pIPO2 promoters were selected on the basis of these criteria (Table 3 ). The most notable omission from the list of putative promoters is an obvious candidate for a promoter for orf1 or traA. Promoter cloning and transcript mapping will be needed in the construction of a more solid assessment of genetic organization.
Putative replication and partitioning functions
A putative pIPO2 replication initiator protein, RepA, was found on the basis of its similarity to the replication initiator protein of the self-transmissible, broad-hostrange IncW plasmid pSa, originally identified in Shigella flexneri (Okumura & Kado, 1992) . No adjacent directrepeat clusters typical for replication origin regions were identified in pIPO2. However, because the putative rep gene is embedded in a gene cluster (ORF30-ORF34) that consists of two different putative operons (orf34 and orf33), it is possible that the replication origin is further away and therefore difficult to predict. This constellation is not unique, since the repABC replicons of many large plasmids, particularly those found in the Rhizobiaceae, have a rep gene as the third ORF in a partitioning\replication operon and the location of the replication origin has not been defined in these systems (reviewed by Thomas, 2000b) . To identify the replication requirements of plasmid pIPO2, the isolation of a mini replicon will provide more information.
Within the cluster ORF30-ORF34 are two genes whose deduced polypeptide products showed significant similarity to the ParA and ParB proteins of plasmid RP4 (Table 2) , which are part of a complex multimer resolution\post-segregational killing system (reviewed by Pansegrau et al., 1994a) . The ORF34 protein of pIPO2, deduced from joining the 5h and 3h sequence fragments of pIPO2T (Table 2) , contains a potential helix-turn-helix motif at its C-terminal end (position 190-211 ; Dodd & Egan, 1990 ). The protein is likely to function in dimer resolution, since its amino acid sequence shows homology to resolvases of the Tn3 family. However, the disruption of orf34, caused by the tagging procedure with the mini-Tn5 : : luxABtet transposon in pIPO2T, did not result in plasmid instability in P. fluorescens. The fact that pIPO2T was stably maintained in P. fluorescens R2f, even without tetracycline selection, suggests that orf34 is dispensible for stable plasmid inheritance in at least some bacterial hosts (van . Conversely, the low rate of transfer from P. fluorescens R2f to E. coli as well as to Pseudomonas corrugata, coupled with the consistently poor growth of the putative E. coli transconjugants, indicated poor maintenance of the pIPO2T plasmid in these hosts ). An apparent redundancy of parA-like auxiliary functions would not be unprecedented : IncP-9 plasmids also possess an apparently cryptic putative resolvase (res) gene adjacent to their rep gene (Greated et al., 2000) .
In addition, pIPO2 carries a putative operon (ORF26-ORF22) whose key deduced proteins show amino acid Plasmid pIPO2 from wheat rhizosphere ( Fig. 2 ). An unusual feature of this putative operon is the inclusion of a gene encoding a single-stranded DNAbinding protein (Ssb). ssb genes are generally associated with replication or transfer regions rather than with partitioning genes (Golub & Low, 1986 ; Jovanovic et al., 1992) . A comparison between the organization of the ssb operon in plasmid pIPO2 and the recently described rhizobial plasmid pSB102 (Schneiker et al., 2001 ) revealed complete collinearity. In addition, there is considerable sequence conservation at the k35 and k10 sites (Fig. 2) , and the repeat sequences upstream of the putative operon were conserved between the two plasmids.
In IncP-1 plasmids, the incC-korB (parA-parB) operon is autoregulated in part by KorA, as well as by KorB (Pansegrau et al., 1994a) . The proposed promoter for this operon in pIPO2 and pSB102 contains an inverted repeat sequence overlapping the k10 region (Fig. 2) . This sequence may represent the binding site for the putative KorA-like protein in pIPO2 (orf25) and pSB102 (orf11). In IncP-1 plasmids, KorA also binds at six other places on the plasmid and serves to coordinate expression of replication and stable inheritance functions, whereas KorB binds at 12 sites (Pansegrau et al., 1994a) . A search in the rest of the pIPO2 sequence for additional copies of the proposed target for the KorA-like protein proved negative. This suggests that this protein does not form the centre of a complex regulon of replication, transfer and partitioning genes, as it does in IncP-1 plasmids (Pansegrau et al., 1994a ; Thorsted et al., 1998) . The adjacent ORF27 encodes a protein with similarity to the KfrA protein of IncP-1 plasmids, which may belong to the broad family of SMC proteins on the basis of its structure (Jagura-Burdzy & Thomas, 1992 ; Macartney et al., 1997 ; Cobbe & Heck, 2000) . In IncP-1 plasmids, KfrA autoregulates an operon implicated in providing auxiliary maintenance functions, and its role in pIPO2 is likely to be similarly non-essential, since the closely related plasmid pSB102 does not carry an equivalent gene (Schneiker et al., 2001) .
Putative conjugative transfer region
More than half of the plasmid, i.e. approximately 23 kb, is occupied by the putative transfer region, delimited by ORF1\ORF2 (traA) and a sequence region proposed to function as the transfer origin (oriT) of pIPO2 in between ORF21 and ORF22 (Figs 1 and 3) . The proposed oriT resembles the T-border sequences (5h-TATCCTGC-3h, see Fig. 3 ) which flank the T-DNA segment of the agrobacterial Ti plasmids, a region that is transferred from bacteria to plant cells by a conjugation-like process. These so-called nick region sequences are part of the IncP-1 oriT region and contain eight conserved base pairs, which have been called the nic-site (for a review, see Pansegrau & Lanka, 1996) . The orientation of the nic-site in the lower strand (reverse complementary strand) of pIPO2 predicts that the transfer (tra) genes would be transmitted into the recipient cell last, as observed for most other conjugation systems (each of the plasmids listed in Fig. 3 ). This is the same as the pIPO2-related plasmids pSB102 and pXF51 (Marques et al., 2001 ; Schneiker et al., 2001) , which have significant sequence similarity with pIPO2 at the proposed nic region and carry inverted repeat structures (Fig. 3) which might be important for target recognition during DNA processing. Each of the 17 reading frames in between traA and oriT has significant sequence similarity to a conjugative transfer gene product and\or to a product of a type IV secretion system (Christie & Vogel, 2000 ; Zechner et al., 2000) , suggesting a single and unique transfer region. Potential Tra components of pIPO2 fall into two classes, the DNA processing functions (orfs 3, 8, 15, 17 and 20, highlighted in green in Fig. 1 ; Table 2 ) and the mating pair formation functions (orfs 2, 4-7, 9-14, 18 and 19, highlighted in light green in Fig. 1 ; 
DNA processing components
Sequence interpretation from sequence alignments allowed us to predict ORF20 to function as a VirD2-like relaxase (Pansegrau et al., 1993) , ORF15 as the TraGlike protein VirD4 (Lessl et al., 1992 ; Balzer et al., 1994 ; Moncalia! n et al., 1999) , and ORF3 as the topoisomerase III (Top) analogue of TraE of IncP-1 plasmid RP4 (Li et al., 1997) . The VirD2-like protein TraR of pIPO2 is predicted to be involved in the transesterification of the plasmid strand destined to be transferred into the recipient, because it contains each of the three defined motifs conserved in other relaxases of IncP-1 and Ti origin (Pansegrau et al., 1994b) (Fig. 4) . Whether ORF21 upstream of traR encodes a DNA chaperone or a relaxosomal accessory protein as found in IncP-1 plasmids (TraJ\TraK ; for a review, see Pansegrau & Lanka, 1996) remains to be determined, since no significant sequence similarity to these IncP-1 functional proteins was detectable. The TraG analogue TraN of pIPO2 may play an intrinsic role directly in DNA transport, as suggested by the three-dimensional structure of the truncated hexameric TraG-like protein TrwB of R388 (Gomis-Ru$ th et al., 2001) which shares striking similarities with the F " -ATPase (Egelman, 2001) . The sequence alignments suggest that pIPO2 TraB functions as a topoisomerase I ( Table 2 ). The only other topoisomerase found in transfer systems, IncP-1 TraE, is a topoisomerase of type III (Li et al., 1997) . ORF17 shares similarity with the conjugative primase PriL of the IncM plasmid pACM1 (Preston et al., 2000) . However, the region of similarity matches only part of the PriL molecule, which most likely does not represent the primase moiety but instead represents something else (located towards the C terminus) with as yet unknown function.
Mating pair formation system
The proposed mating pair formation (Mpf) systemresponsible for pilus biogenesis and initial contact to the recipient cell -consists of a set of tra gene products with pronounced similarity to the corresponding vir gene products of Brucella spp. (Table 2) and Bartonella henselea. Both of these organisms encode type IV secretion systems that are proposed to function in mammalian pathogenesis (O'Callaghan et al., 1999 ; Schmiederer & Anderson, 2000 ; Sieira et al., 2000) . While this gene block in pIPO2 could conceivably encode a mechanism to deliver proteins to the tissues of the plants in whose rhizosphere the host bacteria grow, it seems more likely that they are devoted to plasmid transfer, since it is known that the plasmid is selftransmissible and many other self-transmissible plasmids from Gram-negative bacteria carry a very similar block of genes, which in many cases has been shown to (Pansegrau et al., 1993) . Motif II contains residues probably involved in the tight binding of the nick region, whereas motif III contains histidine residues altering the cleavage-joining activity of TraI (Pansegrau et al., 1994b) . Amino acid positions that are conserved throughout are indicated by black highlighting. Identical residues present in at least 70 % of the sequences are marked by dark grey highlighting ; similar residues are indicated by light grey highlighting. The accession numbers for the sequences shown in this figure are Q9PHG1 [VirD2 (pSB102) . Signal sequences were predicted using the SignalP software (Nielsen et al., 1997) . Cleavage sites are marked by a solidus (/). The putative lipoprotein consensus motif (Pugsley, 1993) is in bold and underlined. The molecular mass of the mature proteins is indicated. In the case of the predicted lipoproteins, the molecular mass of the lipid moieties has to be added (marked by an asterisk).
be necessary for the transfer. The collinear arrangement of the tra genes of pIPO2, the virB genes of the Agrobacterium tumefaciens Ti plasmid, the tra genes of pKM101 (IncN) and R388 (IncW), the lvh genes of Legionella pneumophila, the vir genes of Brucella spp. and of Bartonella henselea, and the ptl genes of Bordetella pertussis is conserved in each of these systems (Christie & Vogel, 2000 ; Zechner et al., 2000) . The VirB\Trb proteins of the Ti-plasmid\RP4 systems are thought to form a multicomponent transport pore spanning the bacterial envelope (Thorstenson et al., 1993 ; Daugelaviaeius et al., 1997 ; Grahn et al., 2000) .
Signal sequence prediction (Nielsen et al., 1997) revealed that nine proteins encoded by pIPO2, including TraC, TraE and TraK, possess a signal peptide, like the corresponding proteins of the Ti plasmid (Fig. 5) . Three proteins, including those encoded by TraG (the proposed IncN-like entry exclusion function Eex) and TraI, contain signal sequences that resemble the signal peptidase II cleavage site found in lipoprotein precursors (Pugsley, 1993) .
TraA of pIPO2 is proposed to encode the VirB1-like transglycosylase function involved in local destruction of the peptidoglycan layer (Bayer et al., 1995) . VirB1 analogues appear to act as optimization factors, since in conjugative transfer systems the transglycosylase function is not essential. TraC shows the features of precursors for pilins, i.e. its structure consists of a long signal peptide of more than 30 residues, and two transmembrane helices in the core of approximately 80, mostly hydrophobic, residues (Eisenbrandt et al., 1999 (Eisenbrandt et al., , 2000 . IncP-1 TrbC and Ti plasmid VirB2 pilin precursor proteins were shown to be processed into cyclic polypeptides containing a head-to-tail covalent peptide bond A. Tauch and others .. ...............................................................................................................................................   Fig. 6 . TraC of pIPO2 resembles the IncP-1 type pilin precursor protein TrbC. The sequences of TrbC homologues found in both conjugative DNA transfer systems and in type IV secretion systems are compared to the C-terminal part of RP4 TrbC precursor protein, which is the prepropilin being processed into cyclic pilin (processing sites are marked by arrows). Identical residues conserved in 80 % of all sequences are indicated by black highlighting. Similar amino acids present in 80 % of the sequences are marked dark grey highlighting. Light grey highlighting indicates similar or identical residues conserved within each of the two groups. The accession numbers for the sequences shown in this figure are
between the N and C termini. The processing involves three different enzymes, two of which act on the Cterminal part of TrbC. Similarly, the pIPO2 TraC precursor may function as a substrate for polypeptide cyclization because the recognition site A-E-I\L-A required for this reaction seems to be conserved (Fig. 6) . A plasmid-encoded function analogous to the signal peptidase-like function of IncP-1 TraF has not been found among pIPO2 genes but might be provided by a host-encoded component, consistent with the mechanism of Ti plasmid VirB2 processing. The conserved A-E-I\L-A recognition motif of these proteins is also found in several homologues of type IV secretion systems, indicating a close relationship between both IncP-1 pili and potential pili of macromolecular secretion systems (Eisenbrandt et al., 2000) . However, the alignments in Fig. 6 clearly indicate that the putative pilin of pIPO2 is not in the same cluster as the Ti plasmid-related TrbC proteins. Plasmid pIPO2 TraE belongs to the TrbE\VirB4 family (Zechner et al., 2000) . The members of this family represent the largest proteins of the mating pair formation components, some of which consist of more than 800 aa. The oligomeric state of the corresponding Tiencoded protein, VirB4, is at least dimeric (Dang et al., 1999) . VirB4 is associated with the cytoplasmic membrane and contains nucleotide-binding motifs of the Walker A and B types (Walker et al., 1982) . It was suggested that the protein possesses ATPase activity (Shirasu et al., 1994) . Thus, the VirB4 analogues might play an active role in the transport of substrates rather than just having a structural role in the transport complex. Data on the function of the Ti plasmidencoded proteins VirB3, VirB5, VirB6, VirB7, VirB8, VirB9 and VirB10, which have pIPO2 relatives, are rather scarce. Exceptions are that VirB5 might function extracellularly as a component associated with the Tpilus (Schmidt-Eisenlohr et al., 1999) and that the Vir proteins B7, B8, B9 and B10 probably interact with each other by forming stoichiometric complexes (Das & Xie, 2000 ; Kumar et al., 2000) .
According to its sequence, the pIPO2 protein TraM belongs to the VirB11 family of traffic\secretion NTPases (Krause et al., 2000a ; Planet et al., 2001) . A few members of this superfamily [Ti VirB11, R388 TrwD, RP4 TrbB and the Helicobacter pylori 0525 (Cagα) protein] have been shown to hydrolyse NTPs, to form hexamers of identical subunits in solution, and seem to be associated with the cytoplasmic membrane (Krause et al., 2000a, b) . The three-dimensional structure of the H. pylori protein Cagα shows the form of a six-clawed grapple, which is supposed to open and close upon ATP binding\hydrolysis (Yeo et al., 2000) . This property suggests that the hexamers may function as chaperones or have pore character, and that they may be involved in substrate transmission into target cells.
Plasmid pIPO2 belongs to a new family of environmentally important plasmids
The gene organization of the putative conjugative transfer region (Tra region) of pIPO2 has been found to be conserved in pSB102 (Schneiker et al., 2001) and in the X. fastidiosa plasmid pXF51 (Marques et al., 2001) , indicating that the three Tra systems belong to the same class (Fig. 7) . The interruption of the Mpf gene clusters by the proposed DNA processing gene traB\top next to traA\traL is unique for pIPO2, pSB102 and also for pXF51. The sequence-related traE gene has been found in IncP-1 plasmids in the Tra1 region (which encodes DNA processing genes) as a tra gene that is non-essential at least for intraspecific E. coli matings (Lessl et al., 1993) , even in the absence of chromosomally encoded topA and topB genes (G. Schro$ der & E. Lanka, unpublished data). Complementation by other chromosome-encoded topoisomerases, for instance, the topoisomerase IV (Deibler et al., 2001) , may be the reason for this finding.
The presence of long repetitive sequences in pIPO2, pSB102 and pXF51 is a striking feature of this group and differentiates them from other sequenced broad-hostrange plasmids, such as those of the IncP-1 group (Fig.  7) . Each of the three plasmids carries at least one pair of unrelated direct repeats spanning several hundreds of nucleotides. The differences in the nucleotide sequences apply for repeats within a plasmid, as well as for repeats among the three plasmids. Each pair of unrelated direct repeats within pSB102 and pIPO2 carries nearly perfect inverted repeats. It is noteworthy that in both plasmids at least one pair of inverted repeats flanks a varying number of ORFs of unknown function. The function of the direct and inverted repeats remains unknown. These structures might promote rearrangements and thus might have played a role in the evolution of these plasmids. A possibly related phenomenon is observed in at least some of the IncP-1β plasmids where there are clusters of tandemly repeated inverted repeats that border major sectors of the plasmid genome (Thorsted et al., 1998) . It is suggested that these may have played a role in the evolution of the plasmid genome.
The compact transfer regions of the three plasmids pIPO2, pSB102 and pXF51 contain elements related to components of the Ti plasmid T-DNA transfer system and the conjugative transfer system of IncP-1 plasmids. This modular design principle of the combination of functional units of different phylogenetic origin apparently is valid for most of the conjugative transfer systems (Pansegrau & Lanka, 1996 ; Zechner et al., 2000) . Although related to the Ti plasmid VirB proteins, the proposed mating pair formation components of the three plasmids are much more closely related to proteins of the type IV secretion system of Brucella spp. (Table  2 ). The latter are thought to be responsible for the secretion or delivery to mammalian cells of as yet unknown substrates, most likely proteinaceous toxins.
An additional common feature of pIPO2 and pSB102 is the existence of a replication initiator protein, RepA, which is embedded by putative ORFs of unknown function. However, both plasmids, pIPO2 and pSB102, lack iteron-like structures supposed to function as part of the vegetative origin, i.e. as binding sites for RepA. Two regions in pIPO2 and pSB102 contain clusters of predicted ORFs with unknown functions. Strikingly, many of the ORFs of unknown function are related between pIPO2 and pSB102, suggesting a possible involvement of these ORFs in host\plasmid functioning in natural habitats.
In conclusion, plasmid pIPO2 fits well into the new class of environmental plasmids defined by plasmid pSB102 (Schneiker et al., 2001) . Interestingly, pIPO2, as well as pSB102 and pXF51, resides in plant-associated bacteria. This further supports the hypothesis that all three plasmids might be variants of an archetypical plasmid class associated with phytosphere bacteria.
Determination of the distribution of plasmid pIPO2
Plasmid pIPO2 was initially isolated by the E. coli\R. eutropha-based triparental exogenous plasmid isolation system (Top et al., 1994) , selecting for plasmids with IncQ plasmid mobilizing capacity. pIPO2 was hereby isolated from extracts of soil associated with wheat seedlings, at just above the detection limit of 10 −* per recipient (van . In contrast, exogenous isolation of plasmids from rhizosphere soil of fieldgrown mature wheat, maize and sugarbeet repeatedly failed under the same conditions. This indicated a lower incidence of functional pIPO2-like plasmids in the respective soil or rhizospheric bacterial communities compared to the numbers associated with young wheat plants. In the present work, a direct molecular screen for pIPO2 sequences in total microbial community DNA, obtained from replicate samples from a range of different environmental habitats, was performed (Table 1) . The previously developed PCR primer system I shown to be specific for pIPO2 , as well as primer system II (which amplified part of the repA gene homologue), was used. Primer system II was, on theoretical grounds, specific for plasmid pIPO2, as  searches against the whole GenBank\EMBL database did not reveal any significant match with any sequence, including those of plasmids pSB102, pXF51, R388, RP4 and R751. In addition, laboratory tests showed that the A. Tauch and others broad-host-range plasmids R388, RN3, RP4, R751, RSF1010, pIE723 and pIE639, as well as a range of 10 E. coli narrow-host-range plasmids, did not produce amplicons, whereas plasmid pIPO2 DNA consistently produced the expected PCR fragment. pIPO2 DNA added to each environmental DNA extract consistently caused amplification in direct correlation with the concentration of added target DNA, i.e. progressive dilution of added target DNA in the environmental extract yielded progressively fainter signals which ultimately became extinct. This established a detection threshold for each habitat, which was calculated to be about 5i10$ plasmids per g of soil or per ml of water.
The detection of pIPO2 prevalence in the different habitats was consistent in primer systems I and II (Table  1) . Evidence for the occurrence of pIPO2 was obtained for seven of the 10 rhizospheres tested and for two of the 11 bulk soils studied, whereas such evidence was not found for seawater, wastewater, manure and compost (added to soil) (Table 1) . Thus, the only habitats with consistent evidence for pIPO2-specific sequences were the rhizospheres of young wheat, rice and maize, and those of oats, grass, tomato and cauliflower, as well as soils previously used for cultivation of crop plants such as the Lovinkhoeve (samples from five time points, but not in three other samples) and Wildekamp arable land (summer 2000 sample, oats grown in the field) samples. On the basis of these results, we postulate that pIPO2 either has a preference for host organisms that thrive in the rhizospheres of a variety of crop plants or confers a property on its host that promotes survival in these environments. Conversely, pIPO2 appears not to survive in hosts that prefer bulk soils or it does not promote survival of its host in bulk soils.
A number of microbial groups are known to be subject to changes in relative dominance in the rhizosphere of crop plants such as wheat, maize, tomato and potato. For instance, Miller et al. (1989) showed that fluorescent pseudomonads are avid responders to young roots of wheat and maize, enhancing their abundance. Upon plant ageing, these organisms were shown to decline. This principle can most likely be extended to many crop plants, including the ones used in this study (wheat, maize, tomato and cauliflower). Smalla et al. (2001) recently showed that the dynamics of microbial populations associated with field-grown strawberry, oilseed rape and potato was strongly dependent on plant type and on season, i.e. most likely due to plant developmental stage. By and large, and possibly a bit speculatively, one can assume that a range of bacterial groups, which includes the Gram-negative and Grampositive rhizosphere-strategists (such as pseudomonads, stenotrophomonads, several enterics, bacilli and paenibacilli), are able to respond to the enhanced availability of nutrients in root exudates by enhancing their prevalence. Such a response can be different per bacterial group and per plant, and is most likely highly dependent on the types of compounds present in the root exudates. Thus, we suggest that the detection of plasmids at different stages of seedling development probably reflects changes in the composition of the associated microbial community.
Conclusion and prospects for further work
The broad-host-range plasmid type represented by pIPO2 was found to be a compact genetic structure containing mainly conjugation and inheritance functions. A region containing adjacent ORFs that encode small proteins with unknown function was identified (ORF32-ORF45). This region is homologous to a similar region found in plasmid pSB102 (Schneiker et al., 2001) . The potential phenotype encoded by the ORFs of this region might be identified by studies that address host\plasmid functioning in the natural habitat, i.e. including the plant as a major driving factor. Since most other pIPO2 functions are related to plasmid replication, maintenance and conjugative transfer functions, the plasmid at present appears to be 'cryptic' . Therefore, expression of transfer-related genes might cause an enhanced metabolic load without a balancing advantage, explaining the apparently reduced survival in bulk soils of bacteria carrying pIPO2.
Given its similarity to the novel broad-host-range conjugative plasmid pSB102 and to the X. fastidiosa plasmid pXF51, we propose that pIPO2 is an example of a novel class of plasmids that are prevalent in hosts that associate in symbiotic or in other ways with plants. The direct molecular evidence that pIPO2 is prevalent in the rhizosphere of several crop plants is consistent with this hypothesis and pinpoints the original host of pIPO2 as an organism that associates primarily with plants and takes advantage (currently unknown) of the presence of pIPO2. The most obvious possibility is that the clustered and probably coordinately expressed orfs of unknown function (orfs 38-45) encode a metabolic pathway or apparatus that confers an advantageous phenotype to its host, which is perhaps specific to plant-associated communities. One aspect of future work will be to define what this phenotype is.
